Polycrystalline samples of perovskite-type Ba(Zn x Nb 1¹x )O 3¹¤ with 0¯¤¯0.5 [¤ = (3x ¹ 1)/2; 1/3¯x¯2/3] were characterized by means of thermogravimetry (TG) combined with gas chromatography (GC). The TG-GC experiments on the Ba(Zn x Nb 1¹x )O 3¹¤ samples revealed that these oxides are subject to water incorporation under humid atmospheres, and exhibit multiple steps of water desorption upon heating up to 873 K. The largely different desorption temperatures among these steps indicate a variety of water species being incorporated in different forms, such as physically/chemically adsorbed water molecules and hydroxide ions. For each sample, the number of hydroxide ions and thereby a nominal composition in an oxy-hydroxide form were quantitatively estimated. The total amount of the incorporated water species tends to increase as the oxygen deficiencies (¤) increase. The highly oxygen-deficient samples with ¤ = 0.4 and 0.5 were found to show significantly enhanced electrical conductivity at temperatures between 623 and 773 K in a humid atmosphere. The enhancement may be attributed to the additional contribution of proton conduction associated with the incorporated hydroxide ions.
Introduction
Fuel cells are energy devices that can directly convert chemical energy into electricity. Owing to several advantages regarding energy-conversion efficiency and environmental load, their practical uses as power generators have increased rapidly. The operating temperature of fuel cells fundamentally depends on the electrolyte used therein, and solid oxide fuel cells (SOFCs) are the most efficient in their power generation. For conventional SOFCs consisting of oxide-ion conductors as solid electrolytes, the high temperature operation which severely restricts the choice of constituent materials is one of the drawbacks towards wider spread uses of SOFCs. Lowering of the operating temperature is a technological challenge, and protonconducting oxides as alternative electrolytes have been promising for the development of SOFCs that can operate at moderate temperatures.
Since the pioneering research on proton conductivity in an oxygen-deficient perovskite Sr(Ce,Yb)O 3¹¤ by Iwahara et al. (Ref. 1) , search for proton conductors has been eagerly conducted. 2)5) Among various candidate materials, Ce-and Zr-based perovskite oxides ABO 3¹¤ such as Ba(Ce,Y)O 3¹¤ and Ba(Zr,Y)O 3¹¤ have been investigated intensively to achieve improvements of chemical stability and proton conductivity. 6) 8) In these lattice-defect-type proton conductors, proton carriers are created by the incorporation of water molecules into the crystal lattice. The corresponding Kröger-Vink equation is written as:
where V O , H , and O O © denote oxygen vacancy, proton, and oxide ion at its regular position, respectively. The proton conduction takes place via site-to-site hopping at lattice oxygen atoms.
Meanwhile, Goodenough et al. studied Ba 2 In 2 O 5 as an alternate candidate. 9) This oxide crystallizes at low temperatures in an oxygen-vacancy-ordered perovskite known as brownmillerite-type, in which one-sixth of oxygen sites of the perovskite lattice is vacant. Transport measurements on Ba 2 In 2 O 5 revealed that this oxide exhibits an abrupt conductivity enhancement at elevated temperatures which involves a structural transformation from brownmilleritetype to cubic perovskite-type, 9)12) indicating that the randomly oxygen-deficient perovskite could be a promising oxide-ion conductor. It was also evidenced that Ba 2 In 2 O 5 and its substituted derivatives are subject to water incorporation under humid atmospheres, resulting in the extra proton-conducting capability. 13)17) Kakinuma et al. studied substituted-derivative systems of (Ba 0.3 Sr 0.2 La 0.5 )-(In 1¹x M x )O 2.75 (M = Sc and Yb) and found that the Sc/ Yb-substituted samples also show relatively high electrical conductivity. 16) Nevertheless, the scarcity of indium is a source of concern, and alternative materials without indium are highly desirable. 3 , which has been studied as a dielectric material. 23) To investigate the effect of oxygen deficiencies on the water incorporation behaviors, we prepared Ba(Zn x Nb 1¹x )O 3¹¤ polycrystalline samples with systematically varying ¤. For each composition, thermogravimetry (TG) combined with gas chromatography (GC) was carried out to quantitatively analyze the incorporated H 2 O species.
Experimental
Polycrystalline samples of Ba(Zn x Nb 1¹x )O 3¹¤ with ¤ = 0, 0.1, 0.2, 0.3, 0.4 and 0.5 were synthesized with a solidstate reaction method. BaCO 3 (99.9%, Wako Pure Chemical), ZnO (99.999%, Kojundo Chemical Laboratory), Nb 2 O 5 (99.9%, Kojundo Chemical Laboratory) were used as starting reagents. Appropriate amounts of these reagents and ethanol as a dispersion medium were mixed for 20 h using resin-coated balls and a milling pot made of synthetic resin. After drying, the powder mixtures were lightly crushed and then calcined at 1273 K for 10 h in air. The calcined products were sieved with a 53¯m mesh, molded under a pressure of 5 MPa, and rubber-pressed (Cold Isostatic Press) under an isostatic pressure of 200 MPa. The sample pellets were sintered at 1373 to 1523 K for 10 h in flowing O 2 with heating and cooling rates of 5 K min ¹1 .
Phase identification was performed by means of powder X-ray diffraction (XRD, Ultima IV Protectus; Cu K¡ radiation, Rigaku). XRD analysis was performed using pulverized samples in a 2ª scanning range from 10 to 90°w ith a step interval of 0.02°min ¹1 at room temperature. The theoretical density was estimated from formula weight and lattice volume calculated with XRD data. 24) The relative density (RD) was calculated by the ratio of bulk and theoretical densities.
Thermal behaviors of the samples were investigated by a thermogravimetric-differential thermal analyzer (TG DTA; Thermo Plus TG-8120, Rigaku) connected to GC (3000 Micro GC, INFICON), which allows to simultaneously analyze the emitted gas during the TG run. The "TG-GC" measurements were conducted from room temperature to 1273 K (heating rate: 10 K min ¹1 ) in a dry N 2 atmosphere (flow rate: 50 mL min ¹1 ), while the composition of the outlet gas was measured every 2 min. The desorbed gas species were also analyzed by a quadrupole mass spectrometer (Q-MS; Transpector CPM, INFICON). In addition, details of gas-desorption steps were measured employing weight-change-rate constant dynamic TG (called "Dy-TG"): 25) the constant rate control (CRT) method was applied to this study.
Electrical properties were investigated by means of twoprobe AC impedance spectroscopy using an impedance analyzer (SP-300, Bio-Logic) in a frequency range of 7 MHz1 mHz. The investigations were performed on pellets of 10 mm diameter and 1.52.5 mm thickness with gold electrodes deposited by a sputtering device. RD values of the pellets were ²95%. The measurements were carried out in a temperature range of 573873 K upon heating and cooling in dry (¯0.23 mbar) and humid (²24.5 mbar) Ar atmospheres.
Results and discussion
XRD patterns for the Ba(Zn x Nb 1¹x )O 3¹¤ samples are presented in Fig. 1 . For phase identification of the target Table 1 . Despite largely different ionic radii between Zn 2+ (0.74 ¡ (1 ¡ = 0.1 nm), CN = 6) and Nb 5+ (0.64 ¡, CN = 6), 26) the lattice constant was nearly independent of the Zn content (x), being close to the value of a = 4.0935 ¡ 27) previously reported for x = 1/3 (¤ = 0). This indicates that the unit cell volume of the Ba(Zn x Nb 1¹x )O 3¹¤ system is mainly determined by Ba 2+ ions located at the perovskite A-site.
To quantitatively analyze H 2 O species incorporated in the samples, TG-GC measurements were performed under a nitrogen atmosphere. As shown in Fig. 2 , the TG data of the ¤ = 0 sample revealed two steps of weight loss at 373 and 773 K, and the desorption of water was simultaneously observed by GC. A similar behavior was observed in the ¤ = 0.1 sample. Meanwhile, multiple weight loss steps were seen in the TG data of the ¤ = 0.20.5 samples upon heating up to 873 K, and the GC analyses evidenced the water desorption at ³473, 573, and 723 K. Although a small amount of residual water in the equipment was detected in the whole temperature range, the TG curves were well related to the GC data, ensuring that the weight loss steps are definitely attributed to the water desorption. It should also be noted that the weight loss was significantly suppressed when the sample is heated in a humid atmosphere, as shown in Fig. 3 . The weight loss at 1073 K or higher for the ¤ = 0.20.5 samples was attributed to the release of CO 2 , which would be chemically adsorbed to the grain surface.
It appeared that the samples desorbed water involving multiple steps over a wide temperature span. Similar multistep water desorption was also reported for tetragonal barium titanate nanorods synthesized by a hydrothermal method with a 10 vol % ethylene glycol solvent. 28),29) To separate the desorption steps of our Ba(Zn x Nb 1¹x )O 3¹¤ samples, Dy-TG analyses were employed. 25) As shown in Fig. 4 , the ¤ = 0 and 0.1 samples exhibited only two steps of weight loss, while six separate steps were confirmed for the ¤ = 0.20.5 samples. The largely different desorption temperatures among these steps indicate a variety of water species being incorporated in different forms, such as physically adsorbed water molecules, hydroxyl groups at the grain surface (= chemisorbed water molecules), and hydroxide ions in the crystal lattice. To justify our interpretation of the TG data, a complementary gas analysis was conducted employing Q-MS ( Fig. 5 ). Owing to faster data acquisition and better sensitivity of Q-MS, multiple water desorption steps up to 823 K were nicely separated in the m/z = 18 spectra, and the release of CO 2 was now clearly visible in the m/z = 44 spectra at 10731173 K.
From the TG data, the magnitude of weight loss at each step was estimated and presented in Fig. 6 . Importantly, the total amount of the incorporated water species tends to increase as the oxygen deficiencies (¤) increased. We note that the ¤ = 0.4 sample exhibited unusually large weight loss at the second (358403 K) and sixth (623823 K) steps, which would result from the dissolution of the hydroxide impurity BaZn(OH) 4 ·H 2 O (Ref. 30 ) that was detected by XRD (see Fig. 1 ). It is reasonable to assume various forms of water species to explain the multiple desorption steps during the heating run. Taking into account the bonding strength of each water form, the desorption temperature would be accordingly enhanced in the following order: physisorbed < chemisorbed water molecules < bulk hydroxide ions. We thus assign (1) the first and second steps between RT and 403 K, (2) the third and fourth steps at 403483 K, and (3) the fifth and sixth steps at 483823 K to (1) physisorbed, (2) chemisorbed water molecules, and (3) bulk hydroxide ions, respectively. In our interpretation, each form desorbs in two separate steps, and this feature may be explained with water molecules or hydroxide ions located in different environments: water molecules/hydroxide ions at open surfaces would be released more easily than those located in small pores.
On the basis of the TG-GC data combined with the Q-MS results, the amount of water species and thereby a nominal composition of each sample were estimated. Taking into account the experimental evidence that the TG curves were well related to the GC data, and any gaseous molecules except for water were hardly detected by Q-MS up to 873 K, the weight loss below 873 K can be entirely attributable to water desorption. Figure 7 presents the amounts of physisorbed, chemisorbed, and hydroxidederived water estimated from the TG and GC results. For the ¤ = 0.20.5 samples, the TG and GC data were in good agreement with each other. Meanwhile, discrepancies were rather large for the ¤ = 0 and 0.1 samples, for which the background GC signals due to the residual water would hinder an accurate estimation of the smaller amounts of incorporated water.
Then, the nominal compositions of the samples were determined on the basis of the Dy-TG data. For the ¤ = 0.20.5 samples, we assumed an oxy-hydroxide form Ba(Zn x Nb 1¹x )O y (OH) z , in which the amount of bulk hydroxide ions (z) has only been included in the chemical formula, and the oxygen-content value ( y) was calculated via charge neutrality with fixed valence states of Zn 2+ / Nb 5+ . ¤ ¼ 0:2 ! BaðZn 7=15 Nb 8=15 ÞO 2:8 ! BaðZn 7=15 Nb 8=15 ÞO 2:794 ðOHÞ 0:0113 The compositional ratio of hydroxide ions to oxide ions (= z/y) is rather small even for the highly oxygen-deficient samples. The OH ¹ amount is indeed one or two orders of magnitude smaller than those reported for Ba 2 34 and 35 ). Nevertheless, as mentioned in the next paragraph, the ¤ = 0.4 and 0.5 samples exhibit unusually high electrical conductivity at 623773 K in a humid atmosphere, suggestive of proton conduction originated from incorporated water. This implies that only a small number of hydroxide ions is sufficient to induce significant proton conductivity. 
JCS-Japan
Electrical conductivity was measured for the ¤ = 0.1 0.4 sintered bulks with RD of ²95%. In addition, measurements were also attempted for the ¤ = 0.5 bulk, despite its low RD (³60%). Figure 8 presents a typical complex-plane impedance diagram, and the resultant Arrhenius plots for the sample series are given in Fig. 9 .
The electrical conductivity logarithm in a dry atmosphere showed a monotonic increase with temperature both in the heating/cooling processes (red symbols). For each sample, the electrical conductivity was higher in the dryheating process than in the subsequent dry-cooling process, showing a hysteresis behavior. On the other hand, Journal of the Ceramic Society of Japan 127 [11] 777-784 2019 JCS-Japan the samples tend to show enhanced electrical conductivity at temperatures between 623 and 773 K (blue symbols) when the measurements were performed in a humid atmosphere. Importantly, the enhancement is noteworthy for the samples with larger oxygen deficiencies ¤ = 0.4 and 0.5.
As indicated by our systematic study on the Ba(Zn,Nb)-O 3¹¤ series, the reactivity with water molecules strongly depends on the number of oxygen deficiencies (¤), and the highly oxygen-deficient samples exhibit significantly enhanced conductivity in a humid atmosphere. From these results, the enhancement may be attributable to the additional contribution of proton conduction associated with the incorporated hydroxide ions. Similar electrical behaviors in dry/humid atmospheres were also reported for other oxygen-deficient perovskites. 18)20),36)38) Taking into account the TG-GC results where the samples completely released water up to 873 K in a dry atmosphere, the lower electrical conductivity in the dry-cooling process can be explained by a possible loss of hydroxide ions during the preceding dry-heating process. It should also be noted that the electrical conductivity of the ¤ = 0.4 and 0.5 samples increased and then decreased with temperature, showing a maximum at about 723 K. This maximum point coincides with the onset temperature of water desorption, suggesting that the lowered conductivity at elevated temperatures is likely caused by the decrease in the proton concentration. This behavior is in contrast to that typically seen for lattice-defect-type proton conductors where the electrical conductivity in a humid atmosphere linearly decreases with the decreasing temperatures.
Summary
In the present work, oxygen-deficient perovskites Ba(Zn x Nb 1¹x )O 3¹¤ with ¤ = 00.5 [¤ = (3x ¹ 1)/2] were characterized by means of TG combined with GC. Our TG-GC analyses allowed to quantitatively estimate the amounts of water species incorporated in the samples. The TG-GC data of the samples indicated multiple steps of water desorption upon heating, suggesting a variety of incorporated water species in different forms, such as physically/chemically adsorbed water molecules and hydroxide ions. On the basis of the TG-GC data, the number of hydroxide ions and thereby a nominal composition in an oxy-hydroxide form were estimated for each sample. The total amount of the incorporated water species tends to increase as the oxygen deficiencies (¤) increased.
The impedance measurements on the samples evidenced that the electrical conductivity strongly depends on the surrounding atmosphere. The highly oxygen-deficient samples with ¤ = 0.4 and 0.5 were found to show significantly enhanced electrical conductivity at temperatures between 623 and 773 K in a humid atmosphere. The enhancement may be attributed to the additional contribu- 
